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Abstract: 
The remarkable optoelectronic, and especially photovoltaic performance of hybrid-organic-
inorganic perovskite (HOIP) materials drives efforts to connect materials properties to this 
performance. From nano-indentation experiments on solution-grown single crystals we obtain 
elastic modulus and nano-hardness values of APbX3 (A=Cs, CH3NH3; X=I, Br). The Young’s 
moduli are ~14, 19.5 and 16 GPa, for CH3NH3PbI3, CH3NH3PbBr3 and CsPbBr3, respectively, 
lending credence to theoretically calculated values. We discuss possible relevance of our results 
to suggested ‘self-healing’, ion diffusion and ease of manufacturing. Using our results, together 
with literature data on elastic moduli, we classified HOIPs amongst relevant materials groups, 
based on their elasto-mechanical properties. 
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Hybrid organic-inorganic perovskite (HOIP) - structured materials, mostly CH3NH3PbI3 and 
CH3NH3PbBr3, and the latter’s inorganic analog CsPbBr3
1
 are of interest primarily for their 
remarkable photovoltaic properties
2
. The remarkable solar cell characteristics of HOIPs can be 
ascribed, at least in part, to the high charge carrier mobilities, especially for materials, prepared 
from solution at low temperatures. It has been speculated that this combination of features can be 
explained by “self-healing” or low kinetic formation barriers3,4. Such low barriers could support 
the suggested occurrence of ion migration, which has been invoked to explain hysteresis
5
 
observed in current–voltage characteristics of some of the devices 6–8. The ability of HOIPs to 
support elastic local deformations is germane to these phenomena. However, despite the great 
interest in HOIPs in recent years, only limited information exists on their mechanical properties.  
To try to clarify this matter, we carried out measurements and analyses of elasto-mechanical 
properties of single crystals of the methylammonium iodide and bromide and the all-inorganic 
Cs lead bromide; the corresponding iodide does not have a perovskite(-like) structure at STP. 
Because we include CsPbBr3 in our study we will use the abbreviation HaP, Halide Perovskite, 
rather than HOIP, where appropriate. To investigate the mechanical properties, we performed 
nano-indentation on single crystals of CH3NH3PbI3, CH3NH3PbBr3 and CsPbBr3 to determine 
their Young’s Modulus (E) and nano-hardness (H), and combined those data with literature data 
of the thermal expansion coefficients (α) 9,10 of these and related materials. By comparing the 
data for HaPs to those for materials that are similar in structure, composition or functionality 
(photovoltaics) we can see if their mechanical behavior justifies associating them with known 
classes of materials. In general, classification of materials into groups provides insights into the 
common origin of observed physical properties and a basis to make predictions. In this light, 
classifications of the HaPs by their mechanical properties might give some idea about the nature 
of interatomic bonding and the flexibility and stability of the entire structure during 
manufacturing and operation of these materials. Finally, we try to shed light on the origin of 
these properties, of how they may affect their manufacturing and their relations to phenomena 
such as ‘self-healing’ and ion diffusion. 
We use terminology such as stiffness (or the inverse term – compliance), which reflects the 
resistance to elastic deformation. Strong interatomic bonds cause higher resistance to elastic 
deformation, meaning – stiffer ‘springs’ that hold together the entire structure. Young’s, bulk and 
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shear moduli reflect the spring constants under uniaxial, volumetric and shearing deformations, 
respectively, and reflect the bond strength only in the elastic limit. The resistance of a material to 
plastic deformation can be determined from its hardness.  
There are multiple ways to measure mechanical constants – compressing, pulling, bending, 
measuring the speed of sound, using an indenter for direct hardness measurements, measuring 
the lattice constants (diffraction) under pressure and others. The constants will reflect measured 
tension, compression, shearing or bending. Since we are interested in gaining understanding of 
inter-atomic characteristics via mechanical properties, the effects of long-range defects (e.g., 
dislocations, inclusions, cracks) need to be minimized. In addition we need data sets that allow 
extracting statistically meaningful data. Nano-indentation
11
 allows measuring multiple data on 
single crystals with flat faces of sizes that can be readily grown.  
Experimental: 
Crystal Growth: CH3NH3PbI3 single crystals were grown following a published procedure
12
, 
where a temperature gradient was used to grow the crystals on a silicon wafer that was partly 
immersed  in a 57% hydroiodic acid solution of lead iodide and methylammonium iodide 
(CH3NH3I), where the part remaining outside the solution was cooled by an air flow.  The 
resulting tetragonal (pseudo cubic)
13
 crystals usually expose the (100) and (211) faces (see 
Figure 1). 
For the growth of CH3NH3PbBr3 we used anti-solvent (ethyl acetate) slow evaporation into a 
solution of N,N-dimethylformamide (DMF) of lead bromide (PbBr2) and methylammonium 
bromide (CH3NH3Br). Single-crystal growth procedures of both CH3NH3PbBr3 and of 
CH3NH3Br have been described previously
4,14
. The resulting cubic CH3NH3PbBr3
15
 crystals 
always expose the (100) face (see Figure 2 (a)).  
The growth method for CsPbBr3 is similar to that used for CH3NH3PbBr3 (see above), where 
the solvent is dimethyl sulfoxide (DMSO) and the anti-solvent is water or ethanol (to be 
published). The crystal structure was verified by comparing the powder-XRD to literature data
16
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All the precursor preparation and crystal growth were done under ambient conditions with 
45%-65% relative humidity. None of the precursors or solvents were specially treated before use. 
All the crystals were stored in a desiccator in ambient with ~25% relative humidity. 
Nano-indentation: Nanohardness and the indentation modulus were measured using an Agilent 
XP Nanoindenter. A Berkovich diamond indenter tip was loaded into the surface at a strain rate 
of 0.05 s
-1 
to a depth of ~750 nm. The loading was done using the “Continuous Stiffness 
Measurement”  (CSMTM) mode 17 which gave the modulus and hardness continuously as a 
function of loading. The data were analyzed using standard Oliver and Pharr analysis
11
 and 
averaged over 300-700 nm depths to avoid any surface effects. Two CH3NH3PbBr3 and CsPbBr3, 
and three CH3NH3PbI3 samples were checked. 10-20 experimentally valid indentations were 
performed on each sample. The spacing between each indentation was 20 times the indentation 
depth (see Figure 2 (b)).  A typical load vs. penetration depth curve is presented in Figure 2(c).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Scanning electron microscopy images of [left] (100) and [right] (112) faces  of 
CH3NH3PbI3 crystals. 
0.5 mm 0.5 mm 
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Figure 2: light-microscope images of (a) as-grown crystal of CH3NH3PbBr3 presenting the (100) 
face and  (b) image after indentation measurements. The spacing between the indentations is ~ 20 
times the penetration depth of 750 nm.(c) Typical nano-indentation load/ displacement curve on 
CH3NH3PbBr3. 
(a) (b) 
(c) 
1 mm 
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Results and Discussion: 
To the best of our knowledge, the data presented here comprise the first comparative study of 
H and E of CH3NH3PbI3 and CH3NH3PbBr3 single crystals. Table 1 lists these data, together with 
known physical properties. Bulk modulus, K, values for CH3NH3PbBr3
18 
and CsPbBr3
19
 were 
previously experimentally derived, and can be related to E through the Poisson ratio (see Table 
1). The linear thermal expansion coefficients, α, of all three APbX3 perovskite compounds were 
deduced from literature reports 
9,18,20
. Where experimental information was missing we used 
results from theoretical calculations
21–23
. Materials in Table 1 were chosen for comparison, based 
on similarities in composition, crystal structure or functionality (i.e., photovoltaic materials). For 
comparison and as guideline for future measurements additional mechanical characteristics, bulk 
(K) and shear moduli (G), and Poisson ratio (ν)  were derived using fundamental relations that 
strictly apply only to homogeneous, isotropic, and linear elastic materials
24
. 
Extensive theoretical work on the mechanical properties of several Pb and Sn -based 
HOIPs
22
, which shows fair agreement with our experimental results, suggests that the type and 
strength of the Pb-X bond determine the elastic properties of the materials. Indeed, in agreement 
with the reported higher bond enthalpies for Pb-Br than for Pb-I,
25
 we measure a higher Young’s 
modulus for the Br-based HOIP than for the I-based one (E(CH3NH3PbI3)=14.2±1.9GPa and 
E(CH3NH3PbBr3)=19.6±0.3GPa). Following this logic, the Young’s modulus of 17 GPa 
26
 
previously measured along a Pb-I network in PbI2 -i.e., along the layers that make up the (CdI2-
type) structure, which lie in the c (0001) plane- is comparable to that of APbI3 measured here. 
Even though PbBr2 (average of 23.5 GPa 
27) has a STP structure that is very different from that 
of PbI2 (PbCl2-type; not layered), also here we find similar Young’s moduli. This is consistent 
with the idea that the Pb-X framework dominates the mechanical properties of these materials 
(see Fig S3). 
Comparison of the mechanical properties of the hybrid organic-inorganic with the fully 
inorganic APbBr3 perovskite-structured material, reveals a slightly lower elastic modulus for 
CsPbBr3 than CH3NH3PbBr3 (the value for CsPbBr3, derived from speed-of-sound measurements  
(2775 
𝑚
𝑠𝑒𝑐
), was 26 GPa
19
). For CH3NH3PbI3 and CsPbI3 (for which only a value based on 
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theoretical calculations is available), an opposite relation is seen, but, as CsPbI3 does not have a 
perovskite(-like) structure at STP, such comparison may be invalid.  
If we assume naively that the bond length reflects the bond stiffness (the shorter, the stiffer), 
then, based on the average Pb-X bond length of the Cs
+
 and CH3NH3
+
-based perovskites, the 
elastic modulus should have been higher for the hybrid than for the fully inorganic perovskite.  
 
Table 1: Mechanical constants of Halide Perovskites and related materials. 
The values that are measured in this work are in bold in lines 1-3. The remainder of the mechanical 
constants were derived 
a,b
 or taken from experimental or theoretical23 results from other works, references 
to which are given in the Table. E- Young’s Modulus; H – (nano) hardness; G – shear modulus; K – bulk 
modulus; ν - Poisson’s ratio; α – linear thermal expansion coefficient; if only the volume value was 
available, it was divided by 3; ρ – density.  
 
Crystalline 
material 
E 
[GPa] 
H 
[GPa] 
H/E 
G 
[GPa] 
(b)
 
K 
[GPa] 
ν 
α 
[10
-6∙K-1] 
ρ 
[gr/cm
3
] 
CH3NH3PbI3 
(100) face 
14.3(1.7) 0.57 (0.11) 
0.040 5.4 13.9 
(a)
 0.33
22 
 43.3 
9
 4.15 
36
  
CH3NH3PbI3 
(112) face 
14.0 (2.0) 0.55 (0.12) 
CH3NH3PbBr3 
(100) face 
19.6 (0.3) 0.36 (0.01) 0.018 7.6 15.6 
18+(a)
 0.29
22 
 33.3 
10
 3.80
15
 
CsPbBr3 
(101) face 
15.8 (0.6)  0.34 (0.02) 0.022 5.9 15.5 
(a)+(e)
 0.33 
(c)
 37.7 
20
 4.83
16
 
CH3NH3SnI3 16.6
(a)
 --- --- 6.5 12.6
37
 0.28
22
 --- 3.65 
37
 
CsPbI3 
(non-perovskite) 
20.1
(a)
 --- --- 7.9 19.8
(a) 0.33 (c) --- 5.39 36 
PbI2 - c (0001) 
plane 
17 
26
 0.82
26
 0.048 --- --- --- 40
38
 6.16 
PbBr2 
(d) 
23.5 --- --- 8.8 23.7 
(a) 
0.33 31.7 
39
 6.69 
Pb 18 0.04-0.05 0.003 6.3 37 
(a)
 0.42 
(a)
 28.9 11.3 
PbTe 57 
40
 0.43 
41
 0.008 22.6 40 
(a) 
0.26 
40
 20.3 
42
 8.16 
CdTe 52 0.76
43
 0.013 18.4 96 
(a)
 0.41
(a)
 5.9 5.85 
CIGS 70 
44
 0.7-1.5
44
 
0.021-
0.010 
25.9 72 
44
 0.2-0.5 
45
 ~10 
45
 ~5.7 
GaAs 123
46
 8.4
46
 0.068 46.9 107 
(a)
 0.31 6.4 5.32 
Si 169
46
 12.7
46
 0.075 72.2 62 
(a)
 0.06-0.28 2.6 2.33 
(a)
 Estimated for a homogeneous, isotropic and linear elastic material, according to
24
 :  𝐾 =
𝐸
3(1−2𝜈)
 
(b)
 Estimated for a homogeneous, isotropic and linear elastic material, according to
24
: G=
𝐸
2(1+𝜈)
. 
(c)
 Estimated value. 
(d)
 Estimated from speed-of-sound average value of PbBr2 (2282 
𝑚
𝑠𝑒𝑐
) 
27
, using the formula
47
:𝑣𝑠(𝑃) = √
𝐸
𝜌
∙
(1−𝜈)
(1+𝜈)(1−2𝜈)
 
with an estimated Poisson ratio of 0.33.  
(e)
 The speed of sound- based bulk modulus is 26 GPa. This value was not used as it requires an unreasonably large 
Poisson ratio (~ 0.4) to match the data.
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The bond length and stiffness trends of ‘classic’ ionic (oxide) perovskite materials are such 
that the bulk modulus decreases as the ionic radius of the ‘A’ cuboctahedral group increases28,29. 
For the oxide perovskites this increase of the A radius is usually accompanied by an increase in 
the unit-cell volume, which is opposite to the case for APbBr3 with 0.198 nm
3
 for CsPbBr3 and 
0.207 nm
3
 for CH3NH3PbBr3. The difference in the volume is also reflected in different distances 
between the A cation and X anion (see Table 2). A purely electrostatic model would have 
resulted in a higher elastic modulus for the shorter interatomic bonds, meaning the CsPbBr3. As 
the results show the opposite, there must be additional forces that keep the hybrid structure 
bound.  
Table 2: Average bond lengths at room temperature vs. the elastic constants of APbX3 bulk materials 
(A=CH3NH3, Cs; X= I, Br).  E and K are Young’s and bulk moduli, respectively. The average bond 
distance refers to structures at room temperature with the mentioned space-groups. 
 
 
 
 
 
 
 
 
 
 
 
 (a) Theoretical value 
23
 – See Table 1. 
 
An interesting similarity to HaPs in sense of their crystal structure (cubic) and surprisingly 
low thermal conductivity
30,31
, can be found in a structural family called clathrates. Inorganic 
clathrate compounds (e.g., K8Al8Si36, Sr8Ga16Ge30) are characterized by an open framework 
structure with ‘guest’ ions (e.g. K, Al and Sr, Ga) trapped in a well-crystallized ‘host’ framework 
structure (e.g. Si, Ge). For perovskites, the ‘host’ can be imagined to be as the Pb-X framework 
and the guest will be the A ion. In sense of the thermal conductivity – for both cases the main 
contribution to this effect was related to interactions between the collective ‘host’ vibrations with 
the trapped ‘guest’ atoms/ions 30,32. As for the elasto-mechanical properties of clathrates, 
theoretical work showed that the bulk modulus is logarithmically related to the average 
Crystal 
Average N-X 
or Cs-X bond 
distance [Å] 
Average Pb-X 
bond distance 
[Å] 
Space group E K 
CH3NH3PbBr3 4.47 2.97 
15 P-43m 19.6 15.6 
CsPbBr3 4.15 2.96 
16 Pnma 15.8 15.5 
CH3NH3PbI3 4.50 3.16 
36 I4cm 14.2 12.2 
CsPbI3 3.90 3.23 
36 
Pnma 
(non-perovskite) 
21 19.8 (a) 
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interatomic distance of the ‘host’ atoms (See Figure 3 or Ref. 33). By placing data of the ABX3 
(B= Sn or Pb) and PbX2, which are presented in Table 1, and other oxide structures found in the 
literature on a single plot (see Figure 3), we find, for perovskite-structured APbX3, a logarithmic 
relation between the B-X bond length and the modulus, but with lower elastic modulus than 
expected.  
 
 
 
 
 
 
 
 
 
  
 
Figure 3: Bulk modulus vs. average shortest bond distance. “Average (shortest) bond distance” means: 
for clathrates - ‘host’-‘host’ average bond distance (e.g., for Si based clathrates this will be the –Si-Si 
bond); for any ABX3 compound it is the average B-X distance; for PbX2 structures is the average Pb-X 
distance. The actual numerical values used for the plot are summarized in Table S1. The black line is a 
linear fit adapted from ref 33. 
In order to check the influence of these microscopic considerations on behavior of the bulk 
material, we looked at the relation between Young’s modulus and other physical properties of 
materials (density, thermal expansion coefficient), with the aid of 2D maps of density or thermal 
expansion coefficient vs. Young’s modulus, from the work of Ashby24 (see Figs. S1 and S2). On 
these maps the HaP materials are located between polymers, metals and composite materials.  
C 
Si 
Ge 
Sn 
10
100
1.25 1.75 2.25 2.75 3.25
B
u
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o
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u
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s 
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P
a)
 
Average (shortest) bond distance (Å) 
Original plot from Ref. 46 extrapolation C-based clathrates Si-based clathrates
Ge-based clathrates Sn-based clathrates CsPbI3 CsPbBr3
CH3NH3PbI3 CH3NH3PbBr3 CH3NH3SnI3 MgSiO3
SrTiO3 GdMnO3 PbBr2 c-plane PbI2
33
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For a given E, the thermal expansion coefficients of the HaPs are higher than of most metals 
and composites, smaller than of most polymers and similar to those of rigid polymer foams (and 
to that of PbI2; see below). It is remarkable that what is formally an ionic material has such a 
large expansion coefficient, which may reflect the flexibility of the Pb-X bonds. If we compare 
both the elastic moduli and the linear expansion coefficients of CH3NH3PbX3 and PbX2 (c-plane 
in PbI2 - see Fig. S3), it appears that the Pb-X bond plays a dominant role in the elasticity of 
these materials.  
The finding that HaPs are positioned in the diagrams with relatively soft metals and that the 
Pb-X corner-sharing octahedral framework is quite (thermally) expandable might indicate 
possible ductility or flexibility, which could ease formation on heterogeneous surfaces with low 
energetic penalty and good adaptivity. Another implication of enhanced flexibility is that 
application of external energy (mechanical, electrostatic, electromagnetic) to such materials 
might allow facile creation but also ready rearrangement (self-healing) of point defects, which 
can help atom/ion diffusion in the material. In this context, theoretical calculations gave as the 
energy barrier to iodide vacancy migration ~0.1 eV 
34
, up to ~0.3 eV for iodide displacement in a 
vacancy-free surrounding environment (due to proton migration
35
). Confirmation of suggested 
processes
6,7,34
 such as extensive ion migration and ‘self-healing’ in these materials awaits further, 
direct experimental evidence.  
If we look at possible benefits of these mechanical properties for manufacturing, these 
properties can be beneficial for spreading thin films of perovskites on surfaces with different 
morphologies, using methods such as ‘doctor-blading’. However, the ease of plastic deformation 
(i.e., low hardness), makes these materials less suitable for flexible substrates.   
As to any correlation with other lead-based (Pb, PbTe), or photovoltaic materials (CdTe, 
CIGS, GaAs, Si) – except for the similar elastic modulus for metallic lead, and some similarity to 
the hardness of the PbTe and CdTe – the overall mechanical properties do not really correlate.    
 
 
Summary: 
 11 
The elasto-mechanical properties of the examined halide perovskites (CH3NH3PbI3, 
CH3NH3PbBr3 and CsPbBr3), with respect to their density or linear thermal expansion 
coefficient, are between those of soft metals, polymers and composite materials. This 
combination of properties might be reflected in the (apparent low energies required for) dynamic 
processes speculated to exist in these materials (e.g. self-healing, ion-migration).  Similar to what 
is the case for ‘classic’ (oxide) perovskites, the elasto-mechanical properties seem to be 
dominated by the B-X bond, with the presence of the A group decreasing the elastic coefficients 
of these large-cage perovskite-structured materials. The lower elastic modulus of CH3NH3PbI3 
than of CH3NH3PbBr3 may reflect differences in the Pb-X bond strengths. Comparison between 
CH3NH3PbBr3 and CsPbBr3 shows that the organic group actually makes the entire structure 
stiffer (higher elastic modulus). The similarity between the elastic modulus of PbI2 (c plane) with 
that of CH3NH3PbI3 and that of PbBr2 (which has a structure that is quite different from PbI2, 
which cannot easily be related to a perovskite structure) with APbBr3, suggests that the Pb-X 
framework dominates the elastic modulus. We do not find an obvious relation between the 
mechanical and the optoelectronic, especially photovoltaic properties, of the materials.  
The conclusions and conjectures presented in this work should mostly serve as guidelines for 
further investigations, such as growth and mechanics for analogous single crystals (e.g., chloride 
and formamidinium perovskites).  
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Figure S2: Ashby 2D map: density vs. Young’s modulus. Experimentally derived values (from 
this work or other cited works – see Table 1) are added in the area, designated “ABX3” to which 
the arrow points: Red - CH3NH3PbBr; Black - CH3NH3PbI3; - CH3NH3SnI3; Orange - 
CsPbBr3; Green - CsPbI3; Magenta – PbI2 ; Blue – PbBr2. Reprinted with permission from 
Ashby, M. F. Materials Selection in Mechanical Design, Fourth Edition. (Butterworth-
Heinemann, 2010).   
Lead alloys 
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Figure S3: Ashby 2D map: linear thermal expansion coefficient vs. Young’s modulus. 
Experimentally derived values (from this work or other cited works – see Table 1) are added in 
the area, designated “ABX3” to which the arrow points: Red - CH3NH3PbBr; Black - 
CH3NH3PbI3; Orange - CsPbBr3; Magenta – PbI2; Blue – PbBr2. Reprinted with permission 
from Ashby, M. F. Materials Selection in Mechanical Design, Fourth Edition. (Butterworth-
Heinemann, 2010).   
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Figure S4: Ball-and-stick crystal structure representation of (top) PbI2 and (bottom) 
CH3NH3PbI3, illustrating the close relation between the Pb-I in the c(0001) plane and in 
CH3NH3PbI3.  
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Table S1: Values for Figure 3. 
 
 
B-X bond distance 
(@ RT) [Å]    K [GPa] 
CH3NH3PbI3 3.16 12.2 
 
  
CH3NH3PbBr3 2.99 15.6 
 
  
CH3NH3SnI3 3.13 12.6 
 
  
CsPbI3 3.23 19.8 
 
  
CsPbBr3 2.96 15.5 
 
  
MgSiO3 1.64 264 
 
  
SrTiO3 1.95 183 
 
  
GdMnO3 2.03 190 
 
  
 
  
 
  
PbBr2 3.14 23.5 
 
  
c-plane PbI2 3.23 16.7 
 
 
 
 
 
 
